We investigate how strong gravitational lensing can test contemporary models of massive elliptical (ME) galaxy formation, by combining a traditional decomposition of their visible stellar distribution with a lensing analysis of their mass distribution. As a proof of concept, we study a sample of three ME lenses, observing that all are composed of two distinct baryonic structures, a 'red' central bulge surrounded by an extended envelope of stellar material. Whilst these two components look photometrically similar, their distinct lensing effects permit a clean decomposition of their mass structure. This allows us to infer two key pieces of information about each lens galaxy: (i) the stellar mass distribution (without invoking stellar populations models) and (ii) the inner dark matter halo mass. We argue that these two measurements are crucial to testing models of ME formation, as the stellar mass profile provides a diagnostic of baryonic accretion and feedback whilst the dark matter mass places each galaxy in the context of LCDM large scale structure formation. We also detect large rotational offsets between the two stellar components and a lopsidedness in their outer mass distributions, which hold further information on the evolution of each ME. Finally, we discuss how this approach can be extended to galaxies of all Hubble types and what implication our results have for studies of strong gravitational lensing.
INTRODUCTION
The work of Hubble (1926) famously classified galaxies into three groups: ellipticals, spirals and irregulars. Today, using samples of hundreds of thousands of galaxies, these classifications have been broadly established to hold across all galaxies, in the local Universe (Hoyos et al. 2011; Vika et al. 2013; Vulcani et al. 2014 ) and at high redshift (Buitrago et al. 2008; Chevance et al. 2012; Nikutta et al. 2014; Van Der Wel et al. 2012) . The bulk structure of a galaxy can be quantified by its one-dimensional projected surface brightness profile. The Sersic function, µ(R) ∝ R 1 n , (de Vaucouleurs 2013; Sersic 1968 ) has proven extremely useful for this purpose across the entire Hubble sequence. The bulk of the light in a typical elliptical galaxy is well described by e-mail: james.w.nightingale@durham.ac.uk n ∼ 4 and an exponential disk structure by n ∼ 1. Although most galaxies can be labelled with a specific morphology on the Hubble diagram without much ambiguity, they can also exhibit sub-dominant structures with other morphologies (see Graham 2013) . For example, spirals have bulges (Thomas & Davies 2007; Edwin Buriticá, Ximena Barbosa & Diego Echeverry 2009) , ellipticals have disks (Thomas A. Oosterloo, Raffaella Morganti, Elaine M. Sadler, Daniela Vergani & Caldwell 2002; Bluck et al. 2014 ) and irregulars may show signs of both bulges and disks (Margalef-Bentabol et al. 2016 ). This has motivated descriptions that use multiple Sersic profiles (Lackner & Gunn 2012; Bruce et al. 2014; Vika et al. 2014; Kennedy et al. 2016 ) to decompose galaxies into their constituent physical structures.
Fitting the light distribution of a galaxy with a superposition of light profiles is a challenging and highly degenerate problem (e.g. Häußler et al. 2013 ). For example, the extended wings of a central bulge can be difficult to separate from structures further out (e.g. a disk), as they blend with one another and the background sky emission. Bulges, disks and bars may all appear as compact central structures in a galaxy, which are hard to decouple from one another (Kormendy 2003) . Absorption of light by dust can also impact the fit, leading to more ambiguities in the interpretation of a galaxy's structure (Rest et al. 2001; Lauer et al. 2005) .
Using integral field spectroscopy (IFS), the SAURON (Bacon et al. 2001 ) and ATLAS3D (Cappellari et al. 2011) surveys demonstrated the importance, when trying to infer a galaxy's structure, of having data sensitive to its mass. For example, Emsellem et al. (2004; 2007; found that ∼ 90% of galaxies in a volume-limited sample showed some level of ordered rotation in their kinematics despite showing no signs of a disk in their light (Krajnović et al. 2011; . IFS data also reveal that biases in the inferred galaxy structure may arise due to the 3D inclination (Devour & Bell 2017) and the triaxiality (Mendez-Abreu et al. 2010a; b) of the different structures within galaxies, which limits inferences based on their 2D projected morphologies (Cappellari 2008; Emsellem et al. 2011; Weijmans et al. 2014) .
In this work, we propose that strong gravitational lensing can both mitigate the degeneracies that arise when fitting a galaxy's 2D light distribution and provide key insight on its underlying physical mass structure. Strong lensing is the deflection of light from a background source around a foreground lens galaxy, giving rise to multiple images of the source with characteristic distortions (see Kochanek (2004) for an overview). These distortions encode information on the foreground lens's mass distribution and make it easier to separate the different galaxy components in comparison to using photometry alone. Conveniently, lensing data can be extracted from the same CCD imaging as the photometry, in contrast to IFS data which must be obtained separately: at significant cost in observing time, and typically at much coarser spatial resolution.
For this proof-of-concept study, we use our open-source lens modeling software PyAutoLens 1 (Nightingale & Dye 2015; Nightingale, Dye & Massey 2018) to fit the projected optical luminosity distribution of three isolated massive elliptical (ME) galaxies with velocity dispersions of 160-250 km s −1 , whilst simultaneously constraining their underlying mass structure via a strong lensing analysis. We recover the distribution of both light and mass in projection along the line of sight, enabling these two inferences of galaxy structure to be compared directly and circumventing ambiguities due to dust. Crucially, this approach allows us to confirm whether or not features apparent in the light distribution correspond to genuine physical structures.
This question is central to tests of ME galaxy formation in the LCDM cosmology, which predicts that they assemble their stellar mass both by dissipative star formation and by mergers with other galaxies. Each of these processes should give rise to physically distinct components in the phase-space structure of MEs that may have observable signatures in their stellar mass surface density profiles. In particular, active galactic nuclei (AGN) activity at the centre of haloes more massive than ∼ 10 11 M is thought to act as a 'thermostat' that shuts down in-situ growth of their 1 https://github.com/Jammy2211/PyAutoLens central galaxy by suppressing radiative cooling of fresh cold gas from a hot circumgalactic reservoir Bower et al. 2006; . The progenitors of present-day MEs form rapidly in overdense regions at z > ∼ 2-4, hence the stars they form in situ (i.e. before AGN suppression) are characterised by high metallicity and high phase space density (Baugh, Cole & Frenk 1996; Hopkins et al. 2006; De Lucia et al. 2006) . By the present day these stellar populations have old ages and red colours.
Although in situ star formation is suppressed in MEs, DM mass growth continues in an approximately self-similar fashion (e.g. Guo & White 2008) . The most massive halos at the present day, which are much more massive than the 'threshold' mass for AGN suppression, coalesce relatively recently. Their immediate progenitor halos are themselves likely to be above the threshold mass, and hence also to host gas-poor galaxies with 'red and dead' metal-rich stellar populations. This leads to a picture in which the bulk of stellar mass in MEs is assembled through dissipationless mergers of several equally important fragments. These fragments have a broad range of DM halo masses but a narrow range of stellar masses (De Lucia & Blaizot 2007) .
The structure of the resulting MEs (represented to lowest order by the scale and shape of their surface brightness profile) is therefore dominated by the 'initial conditions' and gravitational dynamics of these mergers, in which DM plays a dominant role (e.g. Cole et al. 2000; Boylan-Kolchin, Ma & Quataert 2006; Hilz, Naab & Ostriker 2013; Laporte et al. 2013) . Broadly speaking, forward models of ME formation predict a composite structure arising from the superposition of phase-mixed stellar debris from each progenitor, each with a characteristic profile and scale (similar to the assembly of stellar halos around less massive galaxies described by Amorisco 2017). For typical ME assembly histories, the dominant accreted components are expected to have similar amplitude, shape and radial extent (e.g. Cooper et al. 2013; . Consequently, the aggregate stellar density profile is (on average) unlikely to show strong inflections that correspond to transitions between regions of the galaxy dominated by debris from different progenitors. Indeed, observations (e.g. Kormendy et al. (2009)) show that to good approximation, the overall structure may be described as a single component with Sersic n > ∼ 4 (Schombert 2015) .
The strongest observational features are therefore most likely to arise between the more extended aggregate accreted component and the centrally concentrated component, corresponding to an in-situ, high redshift 'nugget' (with much higher phase space density as the result of dissipative formation). Sufficiently deep imaging of local MEs observe this (Huang et al. 2013; 2018b; Spavone et al. 2017) , including components with different ellipticities, orientations (isophotal twists) (Oh, Greene & Lackner 2016a; b) and centers (Goullaud et al. 2018) . Spectroscopic studies of MEs are also consistent with this picture, whereby the stellar ages and alpha-element abundances of their central regions are both observed to increase with velocity dispersion (Raskutti, Greene & Murphy 2014; Greene et al. 2013; , trends which appear washed out at larger radii where stars are anticipated to have been more recently accreted 2 . Observations such as these have been interpreted as evidence for a model in which an 'outer envelope' arises from prolonged and significant accretion onto a high-density stellar core. This model, often referred to as 'two phase' assembly (e.g. Oser et al. 2010) , is broadly equivalent to the predictions of the LCDM models described above in the ME regime. Examples of massive compact ellipticals, thought to correspond to these dissipative cores before significant accretion, have been observed at high redshift but are extremely rare at the present day (e.g. Trujillo et al. 2006; Szomoru et al. 2011; Oldham et al. 2017) . Overall, observations appear to be consistent with the evolution of the galaxy population as a whole predicted by LCDM models, once selection effects are taken into account (Laporte et al. 2013; Xie et al. 2015; Furlong et al. 2017; Roy et al. 2018) . Furthermore, indirect tracers of dark matter mass (e.g. environment or size) detect correlations consistent with the above picture in populations of elliptical galaxies (Lani et al. 2013; Sonnenfeld et al. 2015; Huang et al. 2018a) .
Nevertheless, decomposing MEs into multiple components remains very challenging, because their two (or more) superposed elliptical components (with similar stellar populations) are often well described by a single elliptical profile. This makes them the ideal case-study for investigating how strong lensing can aid the decomposition of a galaxy's structure. We will demonstrate that strong lens modeling: (i) allows us to confirm that the structures we see visualally correspond to genuine mass components; (ii) provides direct access to the stellar mass distribution of each component (without stellar population modeling) and; (iii) infers the central dark matter halo mass of each galaxy. With a sample of just 3 objects, our conclusions primarily focus on discussing the utility of this method. In the future, existing samples of hundreds of lenses will enable a direct test of LCDM expectations for the assembly of MEs, in particular the fundamental relationship between halo mass, stellar mass distribution and galaxy history. Future samples of 100000 strong lenses (Collett 2015) will allow such an analysis to be generalised over the entire Hubble sequence. This paper is structured as follows. In §2, we describe our sample of three ME galaxies selected for detailed study. In §3, we describe the PyAutoLens method for simultaneous photometric and strong lensing analysis. In §4, we investigate the mass structure of our lenses. In §5, we discuss the implications of our measurements, and we give a summary in §6. We assume a Planck 2015 cosmology throughout (Planck Collaboration et al. 2018 ).
2 These expectations for accretion on to MEs are significantly different to those for Milky Way-like galaxies, which correspond to the regime of in situ dominated growth in lower-mass halos largely unaffected by AGN feedback. In that regime, the analogous accreted stellar component (the stellar halo) is expected to be dominated by only one or two accretion events of high mass ratio, and to comprise only a small fraction of the total mass. Stellar halo progenitors arrive on more circular orbits (giving rise to streams and other unrelaxed structures) and consist of stellar populations very different to those of the central galaxy ( 
DATA REDUCTION AND LENS SAMPLE

HST data reduction
We adopt a modified data reduction pipeline that uses a combination of in-house tools and those from the standard Space Telescope Science Institute library. We first correct images for charge transfer inefficiency using the arCTIc software (Massey et al. 2010; . We then bias subtract, flat field and co-add multiple exposures using the calacs and astrodrizzle packages to create a final data product. Following Rhodes et al. (2007), we combine the images using a square drizzle kernel and a pixel fraction of 0.8, to a final pixel scale of 0.03". To determine the Point Spread Function (PSF) of this final image, we measure the focus of the telescope during each exposure, via the quadrupole moments of stars throughout that exposure (c.f. Harvey et al. 2015) , then coadd (appropriately rotated) TinyTim models of each exposure's PSF (Krist, Hook & Stoehr 2011) . We store a single, 2D model of the combined PSF at the location of the lens, with a matching pixel scale of 0.03 , with the peak of the PSF the centre of a pixel.
This procedure produces a sky-subtracted, stacked image of each lens, which is used for the analysis. The variance in each pixel is estimated as σ
is the estimated variance in the background and dj is the total counts detected in pixel j (accounting for the variation in exposure time due to dithering). The variances and background sky level are included as part of the modeling procedure (see N18).
Lens Sample
The preliminary sample of three lenses used in this work is taken from the Sloan Lens ACS Survey (SLACS, e.g. Bolton et al. 2008) , where galaxies were initially selected from the Sloan Digital Sky Survey (SDSS) main (Richards et al. 2002) and luminous red galaxy (LRG, Eisenstein et al. 2001 ) catalogues, as containing spectral emission lines from more than one redshift in a single fibre. The SLACS lens galaxies therefore primarily consist of ME galaxies with no known differences to other similar galaxies in the main or LRG parent samples (e.g. Bolton et al. 2006; Treu et al. 2009 ), other than a bias towards higher total mass. Imaging of SLACS lenses is available across a range of wavelengths and spatial resolutions. We analyse monochromatic images, and have two primary considerations in selecting a waveband: (i) high spatial resolution to better constrain the lens model and; (ii) longer wavelength coverage to be more sensitive to the lens galaxy's old stellar populations (which contribute most significantly to its mass). We choose HST/Advanced Camera for Surveys (ACS) imaging taken with the F814W filter, which provides high-resolution imaging at rest-frame near-infrared (NIR) wavelengths. We also require that this imaging is available with an exposure time of at least one Hubble orbit. This work is focused on showing what can be measured for individual systems, so selection effects are not important for this work's conclusions.
These criteria yield a sample of ∼40 ME lenses, which SDSS spectroscopy separates into three bins of velocity dispersion (uncorrected for aperture effects): low (230<σSDSS<270 km/s), intermediate (310<σSDSS<350 km/s) and high (σSDSS>360 km/s). We select one lens randomly from each bin, resulting in the lenses SDSSJ0252+0039 (low σSDSS, hereafter SLACS1), SDSSJ1250+0523 (intermediate σSDSS, hereafter SLACS2) and SDSS1430+4105 (high σSDSS, hereafter SLACS3). None are cD or Brightest Cluster Galaxies, but SLACS3 is in the field of a nearby cluster (Treu et al. 2009 ). SLACS1 and SLACS3 were both observed in HST programme GO-10886 and SLACS2 in programme GO-10494. Table 1 gives a summary of each lens's observed properties (Bolton et al. 2008) , including σSDSS, the source and lens redshifts, zsrc and z lens . Table 2 shows the results of previous SLACS analyses -in particular photometry, stellar population modeling and stellar dynamics (Auger et al. 2010a; b) , and mass modeling (Bolton et al. 2008 ).
Sample Description
Based on previous SLACS results (tables 1 and 2) and the reduced images in figure 1 we give a brief description of each lens in our sample. For clarity, figure 1 also shows an image of the background galaxies after subtracting the lens light (middle column), and de-lensed reconstructions of that source (right column), which are computed using the highest likelihood lens model found by PyAutoLens (which is described next). Neither the lens subtraction nor source reconstruction show large differences when plotted using other high-likelihood lens models, thus these images are indicative of the analysis for any good lens model. Table 1 . Properties of the three SLACS lenses studied in this paper. Columns 2 and 3 gives their Right Ascension and Declination in J2000 coordinates. Columns 4, 5 and 6 give the redshifts of the lens and source, and the velocity dispersion of the lens (uncorrected for aperture effects) (Bolton et al. 2008) . Column 7 notes whether the lens is near a known cluster (Treu et al. 2009 ).
Target name Table 2 . Previous measurements of the stellar and mass distributions of the SLACS lenses, taken from the literature. Columns 2-5 give the F814W-band magnitude (non-dust corrected), effective radius, axis ratio and position angle of the lens galaxy, taken from Bolton et al. (2008) and computed by fitting each image with a de Vaucouleurs light profile. Columns 6-9 give the Einstein radius, axis-ratio, position angle and number of source components, taken from Bolton et al. (2008) and inferred by fitting each lens with an SIE mass profile and parametric source. Columns 10-11 give the stellar mass for a Chabrier and Salpeter IMF and are taken from Auger et al. (2010a) . Columns 12-13 give the dark matter fractions for a Chabrier IMF and Salpeter IMF from Auger et al. (2010a) . Column 14 gives the power-law density slope inferred via a joint lensing and stellar dynamics analysis from Auger et al. (2010a) .
SLACS1
SLACS1 is pictured in the top row of figure 1. The lens galaxy has an elliptical visual morphology extending smoothly from its centre to ∼ 3". The lensed source shows arcs above and below the lens galaxy, which the source reconstruction reveals are a compact knot of light just outside the fold caustic. This lens is therefore a doubly imaged system with minimal extended structure in the source's surface brightness.
The lens is the lowest mass galaxy in our sample, with an Einstein Mass MEin = 11.25M within its Einstein Radius REin = 4.40kpc, a stellar mass (Chabrier IMF) M Chab = 11.21 ± 0.13M and a velocity dispersion σSDSS = 164 ± 12. This translates to a stellar mass fraction within REin of f Chab * ,Ein = 0.40 ± 0.12 for a Charbrier IMF. Notably, it has the lowest density slope (inferred via lensing and stellar dynamics) in the whole SLACS sample, with a value αSD = 1.57 ± 0.12.
The HST imaging of SLACS1 had three faint galaxies not associated with the lens or source which overlapped the masked region within which the analysis is performed. These were subtracted using a linear light profile fitting routine and their pixel variances were increased to infinity such that the analysis ignored them. The object at (x, y) = (3.0", 1.5") was included in the lens model as a singular isothermal sphere fixed to these coordinates. However, omitting it was found to have no impact on the results discussed in this work.
SLACS2
SLACS2 is pictured in the middle row of figure 1. The lens galaxy again visually shows one smooth extended component, but extending further, to ∼ 3.5". The lensed source is complex, with a near-circular ring of light, two radial arcs protruding into the lens's centre and six distinct flux peaks. The source reconstruction reveals two galaxies either side of the inner caustic, with features indicative of merging visible in their extended surface brightness profiles, in particular a disrupted tidal tail trailing each source. These tails form the inner ring of light, radial arcs and extended arcs outside the lens in the image-plane.
Although this lens was chosen from the intermediate σSDSS bin with a value σSDSS = 252 ± 14, it turns out to be the highest mass object in our sample with MEin = 11.26M within REin = 4.18kpc and M Chab = 11.77 ± 0.07M . Its stellar mass fraction is also the highest in our sample with f Chab * ,Ein = 0.68 ± 0.11. Finally, its density slope αSD = 2.30 ± 0.12 makes it one of the steeper slopes in SLACS and the steepest in our sample.
SLACS3
SLACS3 is pictured in the bottom row column of figure 1. The lens again shows one smooth extended component. The source shows two bright knots of light in a double image configuration, which the source reconstruction shows is the source galaxy's central bulge. However, also visible is a wealth of additional extended structure surrounding this bulge, which in the image-plane forms multiple giant arcs around the lens. The source may be a face-on spiral galaxy, where the arms on the opposite side of the caustic are not visible due to the reduced magnification. Alternatively, it is a complex merging system. This object has MEin = 11.73M within REin = 6.53kpc, M Chab = 11.68 ± 0.12M and σSDSS = 322 ± 32. It has a stellar mass fraction f Chab * ,Ein = 0.33 ± 0.09 and density slope αSD = 2.06 ± 0.18. Unlike the other lenses in our sample, SLACS3 is near a cluster (Treu et al. 2009 ).
METHOD
When an extended source is gravitationally lensed, light rays emanating from different regions of the source galaxy trace different paths through the lens galaxy. This provides a projected and extended view of the lens's gravitational potential, information which can be recovered with knowledge of the source's unlensed light distribution. Thus, we are exploiting the lensed source's surface brightness profile, in con-trast to the previous photometric studies of SLACS lenses which used only the source's position to measure the lens galaxy's Einstein Mass, MEin (e.g. Auger et al. 2010b) . It is this exploitation of the source's extended information which allows us to constrain the lens's underlying mass structure.
To perform this analysis we use our new lens modeling software PyAutoLens 1 , which is described in Nightingale, Dye & Massey (2018, N18 hereafter) , building on the works of Warren & Dye (2003, WD03 hereafter) , Suyu et al. (2006, S06 hereafter) and Nightingale & Dye (2015, N15 hereafter) . We refer readers to these works for a full description of PyAutoLens. Key points to note are:
(i) the lens galaxy's light and mass distributions are fitted simultaneously;
(ii) the source's surface brightness distribution is reconstructed on an adaptive pixel-grid (see the right column of figure 1);
(iii) the Bayesian framework of S06 is used to objectively determine the most probable source reconstruction, and the complexity of the lens model is also chosen objectively via Bayesian model comparison (using MultiNest; Feroz, Hobson & Bridges 2009; Feroz et al. 2013) ;
(iv) the method is fully automated and requires no user intervention (after a brief initial setup) for the analysis presented in this work. Table 3 summarizes the lens models that are available to fit the lenses in our sample, alongside the free parameters associated with each. The equations and a description of each profile are given in appendix A. In brief, a light profile is used to generate an intensity map I, which fits and subtracts the lens's light. A mass profile is used to generate a surface density profile, κ(x), which is integrated to compute a deflection angle map αx,y, allowing one to raytrace image-pixels to the source-plane for the source reconstruction. When multiple light or mass profiles are modeled simultaneously, their individual intensities or deflection angles are summed and their parameters are given numerical subscripts (e.g. x l1 , n l2 , etc.).
PyAutoLens fits the lens galaxy's light whilst simultaneously modeling its mass and reconstructing the source. Therefore, before each source reconstruction, a light profile for the lens is computed, convolved with the instrumental PSF and subtracted from the observed image, with the source analysis subsequently performed on this residual image. The light and mass models are therefore sampled from the same non-linear parameter space, meaning that the Sersic profile(s) used to fit the lens's light can be translated to stellar density profiles (assuming a mass-to-light profile) and incorporated into the mass model. Thus, the light profiles may be constrained by both their fit to the lens galaxy's light and the strongly lensed image of the source galaxy. We can therefore take two independent approaches to lens modeling which make different assumptions about the lens's total mass distribution:
• Total Mass Model: the model represents all of the lens galaxy's mass (i.e. both stellar and dark matter), and the 1 The PyAutoLens software is open-source and available from https://github.com/Jammy2211/PyAutoLens. The results in this work were computed using an earlier Fortran build of AutoLens lens galaxy's light profile is not used to constrain the mass model. Thus, the lens's light profile is constrained only by a fit to the surface photometry of the galaxy (and not by the strong lensing analysis), as in the previous studies of galaxy structure referenced in the introduction. The total mass model used in this work is a singular isothermal ellipsoid (SIE).
• Decomposed Mass Model : the model splits the lens galaxy's mass into stellar and dark matter components, with the lens galaxy's light profile included in the former. Thus, the lens's light profile is constrained by both its fit to the lens galaxy's light and by the strong lensing analysis -thereby requiring that each component of the light profile corresponds to a genuine mass structure. The decomposed mass models used in this work assume either a single elliptical Sersic or two-component Sersic + Exponential (Exp) profile for the stellar mass, and a spherical Navarro-Frenk-White (N F W ) profile for the dark matter. Our choice of an Exp in the two component model is not an attempt to represent a specific galaxy structure (e.g. a disk). Instead, it is motivated by model comparison, which will be shown in the next section.
The results section of this work will compare both of the approaches above, to quantify the impact of including strong lensing information in measurements of galaxy structure. Both of the mass models above include an external shear term, which accounts for the contribution of line-of-sight structures to the strong lensing signal.
When multiple light profiles are fitted (e.g. Sersic + Exp), one has to make a decision as to whether certain parameters that are shared by both components are independent of one another, like their centers (x l and y l ), orientations (θ l ) and mass-to-light ratios (Ψ l ). Rather than making ad hoc assumptions about these parameters, PyAutoLens uses Bayesian model comparison to objectively determine the lens model complexity. At different phases of the analysis, different parameterizations of the light and mass models are fitted using multiple independent nonlinear searches, computing the Bayesian evidence of each model via MultiNest. We favour a more complex model when its Bayes factor (ratio of Bayesian evidences) is twenty or above (considered 'strong' evidence in Bayesian statistics). Thus, the choice of lens model incorporates the principle of Occam's razor, where a more complex model not only has to fit the data better, but better enough to justify its extra parameters and complexity. N18 demonstrated that this is an effective way to choose the appropriate model complexity, in simulations where the correct answer is known. The specifics of each model comparison phase are described next in their corresponding results section.
When quoting the best-fit lens models, the 'mostprobable' set of parameters are quoted, corresponding to the median of their one-dimensional marginalized posterior probability distribution. Errors are quoted at 3σ, corresponding to the 0.3 and 99.7 percentiles of this posterior.
RESULTS
We now describe how Bayesian model comparison informs the model of each lens galaxy. We quote the increase in evidence between two models, ∆ln =ln model1 −ln model2 , re- Shear " Line-of-sight γ sh -magnitude θ sh -orientation Table 3 . The light and mass profiles used to model each strong lens. Column 1 gives the model name. Column 2 whether it models the lens's light and mass or just its mass. Column 3 states which mass component it represents. Column 4 gives its associated parameters, where all orientation angles θ are defined counter-clockwise from the positive x-axis.
ferred to as the Bayes factor. In Bayesian statistics, a Bayes factor of 10 would roughly correspond to a 'substantial' preference of model 1, whereas our criterion of 20 is considered 'decisive'. The overall normalization of the evidence depends on how PyAutoLens's adaptive analysis is initialized (see N18), which is performed independently for the total-mass and decomposed-mass profile analyses. This means the evidence values ln for these two profiles cannot be compared directly. Instead, a fair comparison must compare ∆ln between different models of the total-mass profile and decomposed-mass profiles. For example, in the next section, we compare ∆ln for the Sersic and Sersic + Exp models for both the totalmass and decomposed profiles, but we do not compare ∆ln values between the total-mass profile and decomposed mass profiles themselves. The inferred parameters for individual lens models are discussed throughout this section and the tables containing their values are at the end of the script in appendix B.
Light Profile Components
The number of light profile components is chosen by comparing two models, a single Sersic profile and a two-component Sersic + Exp model where the two components are centrally and rotationally aligned (x l1 = x l2 , y l1 = y l2 and θ l1 = θ l2 ). We perform two independent runs of this phase, for each image, using: (i) a total mass profile (SIE); (ii) a decomposed mass profile (Light + N F W Sph) with shared mass-to-light ratio (Ψ l1 = Ψ l2 ) between the multiple light components. The results are presented in table 4 and address the following question:
• Are the lenses single component or multicomponent systems?
For all three images, the single Sersic model gives a significantly lower Bayesian evidence than the multi-component model. This occurs regardless of whether we use the total mass or decomposed mass model. For the total-mass profile, the Bayes factors preferring the two-component models are ∆ln = 568 for SLACS1, ∆ln = 224 for SLACS2 and ∆ln = 297 for SLACS3. For the decomposed models they are ∆ln = 539 for SLACS1, ∆ln = 106 for SLACS2 and ∆ln = 535 for SLACS3. Thus, the inclusion of lensing does not change the number of physical components we associate with each galaxy. However, it leads to lower Bayes factors in SLACS1 (−29) and SLACS2 (−118) and a higher factor in SLACS3 (238).
The parameters of the light profiles fitted in this section are given in tables B1 and B2. For each lens, the single Sersic model goes to values of n l1 > 3.5 and non-circular axis-ratios (q l1 around 0.9), both typical of massive elliptical galaxies. For the two component model, the first component is centrally compact (lower R l1 ), concentrated (higher n l1 ) and round (q l1 near 1.0), whereas the second component is more extended and flatter.
By comparing the parameters of the total-mass and decomposed-mass models given in tables B1 and B2, we can determine whether the use of lensing changes the lens galaxy's inferred light profile and therefore structure. For both the Sersic and Sersic + Exp models, consistent fits are obtained either by a photometric-only analysis, or one that includes lensing. Thus, our use of lensing information has (in the analysis so far) not affected the light profile we infer (as might be expected given ∆ln in SLACS1 and SLACS2 was lower for the decomposed-mass profile than the total-mass profile). There are two ways one can interpret this. On the one hand, it could indicate that the light profile fits from photometry alone are a reliable tracer of the lens's underlying mass structure. On the other hand, if the assumed light profile is not a representative description of the lens's underlying mass structure, lensing would be unable to change the model in a way that alters the inferred light profile anyway.
In table 5 we compare a Sersic + Exp and Sersic + Sersic model, using both the total-mass and decomposedmass profiles. For all images, we find that the Sersic + Exp model provides a higher Bayesian evidence than the Sersic + Sersic model. Furthermore, the Sersic index's of the second Sersic components, n l2 , are all consistent with n l2 = 1.0. Therefore, the Sersic + Exp model is used hereafter.
Light Profile Geometry
Given a model with two components of stellar material is preferred for all three lenses, we next investigate whether these two components are geometrically aligned or offset. This is performed by comparing four Sersic + Exp models where their geometry is: (i) aligned (the results of the previous phase); (ii) offset rotationally (θ l1 = θ l2 ); (iii) offset centrally (x l1 = x l2 and y l1 = y l2 ) and; (iv) offset in both. We perform three independent runs of this phase, using a total-mass profile (SIE) or decomposed mass profile (Light + N F W Sph) with mass-to-light ratio(s) between the two light components shared (Ψ l1 = Ψ l2 ) or independent (Ψ l1 = Ψ l2 ). These results are presented in table 6 and address the following two questions:
• Are the two components rotationally offset from one another?
For each lens in table 6 there are two models that include a rotational offset: one where the centers are aligned (column 6) and one where they are offset (column 8). We quote the largest Bayes factors from either column. For all three lenses, rotational offsets are detected for both the total mass model (∆ ln = 54, ∆ ln = 35 and ∆ ln = 120) and decomposed model (∆ ln = 53, ∆ ln = 57 and ∆ ln = 200). The inclusion of lensing therefore increases the significance of two detections.
• Are the two components centrally offset from one another?
As for the rotational offsets, we quote here the largest Bayes factors available from columns 7 and 8 of table 6. For the total-mass models, we detect a centroid offset in SLACS2, with a Bayes factor ∆ ln = 21. This increases to ∆ ln = 24 for the decomposed model with independent mass-to-light ratios, which also gives a detection in SLACS3 with Bayes factor ∆ ln = 53. This is the first case where the decomposed-mass model has deviated from the totalmass model.
The inferred model parameters are given in table B3. The detected rotational offsets are of order ∆θ ≈ 70
• for SLACS1, ∆θ ≈ 80
• for SLACS2 and ∆θ ≈ 23
• for SLACS3. SLACS2 and SLACS3 showed centroid offsets of order ∆r ≈ 0.09 kpc and ∆r ≈ 0.344 kpc respectively. Table B3 confirms that the same geometric offsets are inferred between the two components, regardless of whether a total or decomposed mass model is assumed (even for SLACS3, where the centroid offset's Bayes factor was below 20 for the total-mass model). Thus, the inclusion of lensing is not Table 6 . The Bayesian Evidence of each model used in the light profile geometry model comparison phase, comparing different light profile geometries for the lens galaxy light profile. For each image, the phase is run three times using a model which: (i) assumes a total-mass SIE profile (rows 1, 4 and 7); (ii) assumes a decomposed Light + N F W Sph mass profile where light components share their mass-to-light ratio (rows 2, 5 and 8) and; (iii) where these mass-to-light ratios are instead independent (rows 3, 6 and 9). Column 1 gives each image's target name, column 2 the type of mass profile, column 3 the mass-to-light ratio assumption, column 4 the profile of the second light component (all Exponential in this changing the model that we infer, but it is reaffirming that what we see in lens galaxy's light is physically genuine. Figure 2 shows the projected geometry of the Sersic + Exp model in each lens. In SLACS1 and SLACS3 the Exp component can be seen to extend to much larger radii than the Sersic component, whereas in SLACS2 the inner component is of comparable size.
We now compare the geometry of the total-mass model's SIE profile to that of the lens's two-component light profiles, using the parameters given in table B3. For SLACS1 and SLACS3, the SIE fit assumes an orientation close to that of the extended Exp component. Next, we will show that the Exp component dominates their inner mass distribution, thus the SIE profile is simply tracing the lens's overall mass. For SLACS2 (where the Exp component contributes less to MEin), the SIE model assumes an orientation θ = 106
• , halfway between the two light profile components (θ l1 = 71
• and θ l2 = 146 • ). It also appears more spherical than these two components (q = 0.96, compared to q l1 = 0.88 and q l2 = 0.87), suggesting the best-fit SIE geometry is a compromise between the two components of the decomposed-mass model. The large centroid offset found in SLACS3 shows the same behaviour, whereby the total-mass profile's centre (x = 0.013" and y = 0.018") is half-way between that of the two-component light model (x l1 = 0.03", y l1 = 0.03", x l2 = −0.01" and y l2 = −0.03").
Mass-To-Light Profile
Next, we establish whether the two components of each lens share the same mass-to-light ratio and whether this ratio varies with radius. The results of using one or two mass-tolights ratios was presented in section 4.2 and is shown in table 6. This addresses the following question:
• Do the two components have different mass-tolight ratios?
By comparing rows 2 and 3, 5 and 6, and 8 and 9 of table 6 we can infer whether the mass-to-light ratios of the two components are the same. For SLACS1, we find no evidence for different mass-to-light ratios, whereas for SLACS2 and SLACS3 we prefer the model with independent Ψ l 's with Bayes factors of ∆ ln = 21 and ∆ ln = 72.
Finally, we run a new model comparison phase to investigate the radial variation, comparing two models (which assume the geometric offsets and mass-to-light ratio parametrizations preferred in the previous phases): (i) a model introducing a radial gradient Γ l in the mass-to-light ratio of the Sersic component; (ii) a model introducing a radial gradient in the Exp component. The results for this phase (alongside the no radial gradient cases) are given in table 7, addressing the following question:
• Does the mass in either component vary radially compared to its light? Table 7 shows that support for a radial gradient was not found in SLACS1 or SLACS3, but was in SLACS2 in the Sersic component with an evidence of ∆ ln = 30 and the Exp component with an evidence ∆ ln = 54. Physically, these detections both signify the same increase of mass relative to light in the lens's central regions. We therefore assume they are indicating the same effect and choose the highest evidence detection which is in the Exp component. Table 8 gives mass estimates for each lens galaxy and its different components within radii of 10 kpc and 500 kpc, using circular apertures. Mass estimates are broadly consistent with those found in previous SLACS analysis, especially given the uncertainties that arise due to varying the initial mass function. Dark matter halo masses of order 10 12 are consistent with the expectation that we are studying massive elliptical galaxies.
The mass-to-light ratio of the first component Ψ l1 and second component Ψ l2 of each decomposed mass model are given in table B4. For SLACS1, the inferred values of Ψ l1 and Ψ l2 are consistent with one another, whereas for SLACS3 they are not, as expected from the results of model comparison. In SLACS3, when only one shared value of Ψ l is assumed, Ψ l is forced to a value that is not consistent with the inferred value of Ψ l2 . This negatively impacts the inferred mass model and highlights that lensing can distinguish the mass-to-light ratios of individual galaxy components.
For SLACS2, independent mass-to-light ratios were preferred by model comparison, but table B4 shows they are consistent with one another. This is because, when this model was preferred, the radial gradient Γ l was not included in the mass model. Thus, the omission of the radial gradient leads us to falsely prefer a model in which Ψ l1 and Ψ l2 are different. The negative value of Γ l2 indicates the mass model is placing more mass in the centre of SLACS2. This explains why, for SLACS2, the increases in evidence throughout the previous phases were typically much lower than SLACS1 or SLACS3, or resulted in decreases of ∆ln . Decomposed mass models assuming a constant mass-to-light profile were unable to place a sufficient amount of mass in the galaxy's central regions, resulting in a worse fit compared to the totalmass profile. In fact, for SLACS2, the decomposed profile's single Sersic model gave one of the best fits, suggesting its high Sersic index (n l > 4.5) allowed it to concentrate a sufficiently high amount of mass centrally, in a way the twocomponent model could not. However, the two component model gave a better fit to the lens's global light profile, thus it was still chosen overall.
The surface density profiles of each lens's preferred model are displayed in figure 3 . The Sersic component is displayed in red, the Exp component in green and the N F W component in black. The vertical blue lines indicate the region in which light from the lensed source is observed (i.e. in which the lensing analysis directly constrains the mass profile). These plots are derived using circular apertures centered on each component of the mass model, therefore omitting any geometric offsets. For each lens, the first component dominates the inner (< 2 kpc) regions, with the second component beginning to dominate around the Einstein radius at 5 − 10 kpc. At larger radii (> 15 kpc), where our analysis becomes an extrapolation, the dark matter begins to dominate. Of the total stellar mass, the Exp component is the dominant component in SLACS1 and SLACS3, contributing 80% (80%) and 57% (75%) within 10 kpc (500 kpc) respectively. For SLACS2, it makes up just 35% (21%) within 10 kpc (500 kpc).
It is worth highlight that the inferred parameters of any total-mass model and decomposed mass-model were never inconsistent with one another, for any lens model parameterization. This suggests that: (i) the structures inferred from photometry alone are representative of a galaxy's underlying mass structure and; (ii) assumptions regarding the dark matter halo (e.g. sphericity) do not impact the inferred light profile. Figure 4 shows the residuals of the highest likelihood Sersic model and chosen Sersic + Exp model, for the decomposed mass profiles. For all three lenses, the chosen two component models can be seen to improve the fit in the central regions of the lens galaxy, contributing to the increase in Bayesian evidence. However, in SLACS1 and SLACS3, improvements can also be seen visually in the residuals of the lensed source reconstruction, indicating that the strong lensing analysis is also contributing to the choice of the two-component model. Although improvements cannot be seen 'by-eye' in SLACS2, we will now show they are also present in the fit.
The Role of Lensing
We now seek a more quantitative measure of how much of this signal can be attributed to lensing. We define χ 2 Src , the sum of χ 2 values in pixels where the lensed source is located (source contribution values > 0.2, see N18), as a measure of the goodness-of-fit for the source. This comprises a different number of image pixels for the total mass and decomposed mass profile fits, therefore we renormalize each χ 2 Src value to that of the total-mass profile by multiplying by the ratio of number of pixels in each fit. We convert this to Table 8 . The mass measurements of each galaxy using the final model chosen by Bayesian model comparison, estimated within circular apertures of radii 10 kpc and 500 kpc. For each galaxy, the mass (column 3), stellar mass (column 4), Sersic mass (column 5), Exp mass (column 6) and dark matter mass (column 7) are given. A comparison of the residuals of the Sersic and final chosen Sersic + Exp models using the decomposed mass-profile for all three images. The colourmap of the residuals is plotted using a symmetric log normalization and is trimmed to a small range in values to emphasise the difference in residuals between the two models. For all 3 lenses, the lens light fit can be seen to improve for the Sersic + Exp model, and in SLACS1 and SLACS3 the source residuals also improve.
ln Src = −0.5χ 2 Src , the likelihood contribution of the source fit. The values of ln Src quoted correspond to the highest likelihood model at the end of each analysis, although there is little variation between models.
PyAutoLens's Bayesian framework also measures the evidence of a model via a set of source-plane regularization terms, which quantify the complexity of the source reconstruction (such that worse mass models correspond to a more complex and lower evidence solution). χ 2 is therefore not the only term which should be inspected to address how much the lensing analysis has improved. However, we find the regularization terms are driven by the quality of the lens subtraction, as opposed to the mass model, thus we omit them. Therefore, we define ∆ln Src = ln Src,f − ln Src,i (i.e. final preferred model − initial Sersic model), to describe how much the lensing data contributes to the increase in evidence for a more complex model. Finally, we compare this value for the decomposed-and total-mass profiles, to ensure their different light subtractions do not impact our comparison.
For the total-mass profiles, we obtain ∆ln Src = −7 for SLACS1, ∆ln Src = 9 for SLACS2 and ∆ln Src = 50 for SLACS3. Since we use the same SIE mass profile throughout, the source reconstruction only improves as a consequence of an improved lens subtraction leaving fewer residuals in the regions of the image the source is located, which is the case for SLACS3. For SLACS1 and SLACS2, the single Sersic profile produced a sufficiently good lens subtraction over these regions. For the decomposed models, we obtain ∆ln Src = 116, ∆ln Src = 61 and ∆ln Src = 152 for SLACS1, SLACS2 and SLACS3 respectively. Thus, more complex light profiles are clearly necessary to better fit the lensing data.
DISCUSSION
The Formation and Structure of Massive Elliptical Galaxies
We quantified the structure of three massive elliptical (ME) strong lenses using two different approaches. In the first approach we fit a light profile to each galaxy that was neither constrained by nor used to constrain the mass model of the same galaxy that we obtained from a strong lensing analysis. Two-component light profiles were preferred over single component light profiles with this approach for all three MEs, with Bayes factors of order 200 − 500 (translating to a 10σ detection). The overall light profile of the one-and two-component fits were visibly similar, signifying that the improvement in the fit associated with the twocomponent model was spread over many thousands of imagepixels. Nevertheless, detailed inspection of the image residuals revealed that improvements from the two-component model could be seen in the fit to the lens galaxy.
The Sersic component of each lens was more compact (lower R l ), rounder (higher q l ) and more concentrated (higher n l ) than the Exponential component. Photometric decompositions of (non-lensing) MEs have inferred the same two-component (or more) structure of MEs (Huang et al. 2013; Oh, Greene & Lackner 2016a) . They argue that this supports the forward models of ME formation (e.g. twophase formation) outlined in the introduction, where the compact Sersic component is an old 'red nugget' core of each ME formed in a rapid and dissipative event at highredshift (z >∼ 3). The second component is a surrounding envelope of stellar material built via passive growth of mergers thereafter. However, with photometry alone, detecting this decomposition relies on an inflexion between the surface photometry of the two components being observable (e.g. Oh, Greene & Lackner (2016a) ) or a χ 2 improvement in the fit (e.g. D'Souza et al. (2014)). Due to projection effects it is not clear such an inflexion is always observable and χ 2 thresholds are challenging to quantify robustly due to the potential of over-fitting.
By incorporating the lens's light profile into the mass model, such that it is simultaneously constrained by the lensing analysis, we are able to independently confirm whether these two components are physically distinct. Incorrect fits due to projection effects or over-fitting must lead to a degradation of the lensing analysis. For all three lenses, the two-component light model (now incorporated into the mass model) improved the lensing analysis compared to the single-component fit. Therefore, lensing confirms that our three MEs are comprised of (at least) two physically distinct components which are consistent with forward models of ME formation (e.g. Cooper et al. (2013; ).
As outlined in the introduction, the outer envelope that we model as an individual Exponential profile is anticipated to consist of many separate components, each corresponding to an accretion event in the MEs past. Therefore, what we model as an Exponential should be viewed as the superposition of these sub-components where its inferred properties represent some average of all of the (most significant) accretion events in the MEs history. Attempting to decompose this component further, into two or more components, is beyond the scope of this work, but could necessitate our lensing based approach, given that the blurring of these components in the photometric imaging likely makes them inseparable via just light profile fitting.
Our limited sample of just three objects means a more rigorous comparison between observations and theory is not yet warranted. We therefore turn our attention to what the inclusion of strong lensing provides and argue that, once we have analysed a sufficiently large sample, lensing will provide information vital to distinguishing models of ME formation.
What Does Lensing Observe?
Lensing reveals two crucial pieces of additional information about each ME that are not measured when using photometry alone. The first is the mass-to-light profile of each stellar component of the galaxy. This does not require stellar population models, circumventing the debated form of the initial mass function (Treu et al. 2009 ). In one lens, the two components had different mass-to-light ratios (SLACS3) and in another we observed a radial gradient (SLACS2). The central 'red nugget' is expected to comprise aged red stellar populations, whereas the outer envelope will contain younger populations (assuming the accreted components more recently underwent star formation). The radial gradient in SLACS2 placed more mass centrally (figure 3), consistent with this picture. However, SLACS3's central component had a lower mass-to-light ratio than its outer envelope. This could indicate that internal baryonic processes (e.g. AGN feedback) can play a role in reshaping the stellar mass profile, however a larger sample is necessary to investigate this further.
The second, and perhaps most crucial piece of information lensing measures, is the central mass of each MEs dark matter halo. Having a direct measurement of each galaxy's halo mass means that (using large samples) we can tie each galaxy (statistically) to its initial formation in the early Universe (e.g via halo merger trees). This can circumvent selections bias (e.g. progenitor bias) and offers a direct means by which to test ME formation in cosmological simulations. Combined with our inferences on the stellar density profile, we can distinguish what role a ME's environment (and thus merger history) plays in shaping its stellar distribution compared to internal baryonic processes.
Structural Geometry
The 'outer envelope' of each ME was more elliptical than the central component (q l = 0.65−0.8) and rotationally offset in projection, with two of these offsets exceeding 70
• . Isophotal twists are seen in other works (Huang et al. 2013; Oh, Greene & Lackner 2016a) , but rarely at such large angles. This is likely because most studies use lower mass galaxies; larger rotational offsets are indeed seen by Goullaud et al. (2018) in ellipticals of similar masses to ours. These offsets are consistent with models of ME formation, provided that: (i) the outer envelope aligns with the direction of preferential merger accretion in its past (i.e. its surrounding environment) and; (ii) the central nugget's orientation can be de-coupled from this direction during its formation. This decoupling is observed in the EAGLE simulations (Velliscig et al. 2015) and explained by a highly energetic event at z > 3 (e.g. a major merger) decoupling the galaxies central baryonic structure from its surrounding environment, leaving the baryonic material accreted afterwards to trace it. More detailed theoretical studies are warranted, but large rotational offsets may hold an imprint of a ME's high-redshift formation, for example the merger ratio, direction and abundance of cold gas (Hopkins et al. 2009 ).
In two lenses, the centre of the two stellar components were observed to be offset, by ∼ 100pc (SLACS2) and ∼ 300pc (SLACS3). Whilst these offsets were seen in the light profile fit, without lensing it would have been unclear whether or not they were due to dust in the central regions of the galaxy (Goullaud et al. 2018) . These offsets are not two bimodal peaks of material in the central regions of the galaxy, but instead caused by lopsidedness in the stellar mass distribution at large radii (e.g. > 10kpc; Gomer & Williams (2018) ). Thus, the offsets are tracing how recently material was accreted onto the MEs outskirts, given that material accreted more recently will not have had sufficient time to settle onto orbits centred on its overall potential well. Centroid offsets could in principle be used to estimate the time since a previous (major) merger, however the details are likely very complicated and depend on the merger in-fall velocities, directions and the galaxy's mass distribution. Unfortunately, we cannot be guided by simulations due to their softening lengths being above 300pc (e.g. (Schaller et al. 2015) ).
Implications for Strong Lensing
Whilst our focus has been on showing how lensing can benefit photometric studies of galaxies, the reverse is also true. That is, for lensing systems in which the source does not provide a large amount of constraining information (e.g. it is only doubly-imaged, compact or pointlike), fitting the lens's light will better constrain its mass profile (given adequate assumptions about the mass-to-light ratio profile). Furthermore, the freedom of well known lensing degeneracies, like the mass-sheet transformation (Falco, Gorenstein & Shapiro 1985; Schneider & Sluse 2013a; Schneider 2014 ) and sourceposition transformation (Schneider & Sluse 2013b; Wertz & Orthen 2018) will be restricted, as the lens's stellar mass profile must coincide with the photometric data. These degeneracies also assume axisymmetry and may be alleviated by the geometric offsets detected in this work.
There are a number of techniques aiming to use strong lensing as a precise probe of cosmology (e.g. Oguri et al. 2012; Suyu et al. 2013; Collett & Auger 2014) . These methods require an accurate mass model for the lens. The mass profiles typically used in these studies do not capture the rotational and centroid offsets observed in this work (although see Birrer et al. 2018) , which have a unique impact on ray-tracing and could potentially impact the cosmological inference. Once we have analysed larger samples, we will investigate what impact, if any, these assumptions have on the inferred cosmology. Simultaneously fitting the lens's light and mass may also improve attempts to detect dark matter substructures via strong lensing (e.g. ), where baryonic structures like an inclined disk mimic the substructure signal (Hsueh et al. 2016; .
Investigating the 'Fundamental Surface of Quads', Gomer & Williams (2018) showed that the positions of quadruply imaged quasars provide evidence for rotational and centroid offsets in the mass distributions of lens galaxies, consistent with the models we have presented here. However, the authors only investigated offsets between the stellar and dark matter components in galaxies. Based on our work, we would suggest their inferences may instead be due to offsets between the different baryonic components of their lens galaxies. However, the selection function of strongly lensed quasars leads to a different lens galaxy population and further study is necessary to confirm this.
Galaxy Structure With Strong Lensing
Strong lensing promises to be a powerful technique to study galaxy structure. Euclid, LSST and other surveys are set to find of order 100,000 strong lenses in the next decade (Collett 2015) , spanning the entire Hubble diagram. Galaxies of later-type morphology will produce more distinct and thus measurable lensing effects than MEs, due to their distinct bulge-disk structure (Orban De Xivry & Marshall 2009; Hsueh et al. 2017) . Whereas this study focused on each galaxy's two most dominant stellar components, future studies can investigate how sensitive lensing is to smaller galaxy structures (e.g. bars and psuedo-bulges) which are difficult to separate photometrically from the bulk of the galaxy's light. The light from structures that dominate well outside the Einstein radius of a lens, such as the stellar halo (D'Souza et al. 2014; Spavone et al. 2017) , will also be observable in future surveys and, in conjunction with weak lensing, will provide further constraints on the distribution of stellar and dark mass.
Our technique complements currently ongoing large IFS surveys like MaNGA. These surveys are taking resolved spectra for 10000 galaxies, enabling the comparison of their kinematic mass structure and photometry. However, these IFS surveys are restricted to the local Universe (e.g. z < 0.02), whereas lensing will span a broad range in lens galaxy redshifts (from z ∼ 0.05 to z > 3). Thus, evolutionary studies of galaxy structure are only possible with lensing.
SUMMARY
We fitted three strong gravitational lenses with the lens modeling software PyAutoLens. For each system, we compared two mass models: (i) a total-mass model, where the lens galaxy's structure is inferred independently from strong lensing and; (ii) a decomposed-mass model, where the lens galaxy's structure is folded into the lensing analysis and thus constrained by it. This allowed us to compare whether the structures we see in each lens galaxy's light translate to physically genuine mass structures that are necessary to fit the lensing data.
All three lens galaxies were massive ellipticals (ME). For each, we inferred that they are structurally composed of two components (a double Sersic model) as opposed to one component (a single Sersic model). The two-component model consists of a compact and round central nugget, surrounded by a flatter and more extended outer envelope. The two-component model was preferred, irrespective of whether the lensing constraints were used. However, including lensing increased the significance of each detection and thus confirmed these structures are physically genuine (as opposed due to over-fitting, dust or projection effects). Furthermore, the inclusion of lensing enabled us to measure two quantities that a photometric only analysis cannot: (i) the stellar mass distribution (without stellar population models) and; (ii) the inner dark matter halo mass of each galaxy.
We interpreted this two-component model in the context of forward models of ME galaxies (Cooper et al. 2013; . The central components are consistent with a central 'red nugget' (e.g. Trujillo et al. 2006; Oldham et al. 2017) formed at high redshift (z > 2) due to a highly dissipative event, as evidenced by their structural parameters (high Sersic index, low effective radius). The outer components are extended envelopes of material (low Sersic index, high effective radius) accreted via mergers from redshift 2 onwards. With just 3 objects, a rigorous test of ME formation was not warranted. However, by directly measuring dark matter masses, in the future we will be able to statistically tie a large sample of ME's to their counterparts in simulations and use their inferred stellar density profiles to decouple what role baryonic feedback processes and accretion play in their evolution. Thus, strong lensing provides a new test of ME formation, especially given recent theoretical works highlighting correlations between halo mass and stellar density profile (e.g. Wang et al. 2018a; b) .
We investigated the geometry of these two components. We detect that they are rotationally offset from one another in projection, in two cases by over 70
• . This suggests the dissipitive event which forms the central nugget changes its orientation relative to its surrounding local environment, which the outer envelope (being aligned with the direction of preferential accretion) traces. Such offsets are consistent with the EAGLE simulations (Velliscig et al. 2015) . Centroid offsets between each component were also detected (∼ 200 kpc) and interpreted as a lopsidedness in the mass distribution of each galaxy (Gomer & Williams 2018 ). This provides information on when the last episode of significant accretion took place, but may be challenging to extract because these offsets are below the softening length of modern cosmology simulations (Schaller et al. 2015) .
Over the next decade, surveys such as Euclid and LSST are set to amass samples in excess of 100,000 strong lenses, spanning the entire Hubble diagram from redshifts zero to three and beyond. The analysis demonstrated in this work offers a completely new view of a galaxy's structure, that is not limited to the ME galaxies investigated here. Direct measurements of a galaxy's host dark matter halo are crucial to understanding each galaxy's place in hierarchical structure formation, whilst their stellar density profiles provide insight into the role baryonic physics has in shaping each galaxy. In the future, we will seek to understand how lensing can further our understanding of the formation and evolution of galaxies of any 
APPENDIX A: LENS MODELS
The lens light profile intensities I and mass model deflection angles αx,y (via integration of the convergence κ) are computed using the elliptical coordinate system κ( ξ), where ξ = x 2 + y 2 /q 2 . Parameters associated with the lens's total mass profile have no subscript, light matter profile the subscript 'l', dark matter profile the subscript 'd' and external shear the subscript 'sh'. The model centres, axisratios and rotation angles are, in most cases, treated as free parameters. Multiple component models are computed by summing each individual components intensities (for a light profile) or deflection angles (for a mass profile) and their parameters are given matching numerical subscripts (e.g. x1, x l2 , etc.). The light profile intensities are computed using an adaptive oversampling routine and mass model deflection angles an adaptive numerical integrator and bi-linear interpolation which are described in N18. The lens model changes throughout the analysis pipeline and section 4 describes how the final lens model is chosen.
The lens's light profile is modeled using one or more elliptical Sersic profiles
which have up to seven free parameters: (x l , y l ), the light centre, q l , the axis ratio, θ l , the orientation angle, I l , the intensity at the effective radius R l and n l , the Sersic index. k l is a function of n l . The exponential light profile IExp(ξ l ) corresponds to n l = 1. For total-mass modeling a softened power-law ellipsoid (SP LE) density profile of form
is used, where θE is the model Einstein radius in arc seconds. The power-law density slope is α, and setting α = 2 gives the singular isothermal ellipsoid (SIE) model. The inclusion of an external shear field is supported, which introduces two additional parameters, the shear magnitude γ sh and orien-tation of the semi-major axis measured counter-clockwise from north, θ sh . For decomposed mass modeling, the Sersic profile given by equation A1 is used to give the light matter surface density profile
where Ψ l gives the mass-to-light ratio in electrons per second and Γ l can fold a radial dependence into the conversion of mass to light. The assumption used in N18 of a constant mass-to-light ratio is given for Γ l = 0 and models which assume this value or include Γ l as a free parameter are investigated. If there are multiple light profile components these can either assume a single shared value of Ψ l or two independent values. The exponential convergence profile κExp(ξ l ) corresponds to n l = 1. The dark matter component is given by a NavarroFrenk-White (NFW) profile, representing the universal density profile predicted for dark matter halos by cosmological N-body simulations (Moore et al. 1998; Zhao 1996; Gregg 1992) and with a volume mass density given by ρ = ρs (r/rs)(1 + r/rs) 2 .
The halo normalization is given by ρs and rs, the scale radius, is fixed to the value rs = 10R l (Bullock et al. 2001) .
Coordinates for the NFW profile are scaled by rs, giving the scaled elliptical coordinate η d = ξ d /rs. Deflection angles for the NFW model use the analytic solutions given by Golse & Kneib (2002) and N18.
APPENDIX B: LENS MODELING RESULTS
The most probable lens models discussed in section 4 and their 3σ errors are given in tables B1, B2, B3 and B4. Table B1 . The inferred most probable parameters (with 3σ errors) of the Sersic profile, using a total mass Sersic + SIE model (rows 1, 3 and 5) and decomposed Sersic + N F W Sph model (rows 2, 4 and 6). The inferred parameters of the Sersic profile are consistent for both models, for all three lenses. Table B2 . The inferred most probable parameters (with 3σ errors) of the Sersic + Exp profiles with geometric parameters aligned between the two components. The results are for a total mass Sersic + Exp + SIE model (rows 1, 3 and 5) and decomposed Sersic + Exp + N F W Sph model (rows 2, 4 and 6) where the mass-to-light ratio of the two components are the same. The inferred parameters of the Sersic and Exp profiles are consistent for both models, for all three lenses. Table B3 . The inferred most probable parameters (with 3σ errors) of the Sersic + Exp profiles with the alignment of geometric parameters corresponding to the highest evidence model chosen in the light profile geometry phase (table 6) . The results are for a total mass Sersic + Exp + SIE model (rows 1, 4 and 7), decomposed Sersic + Exp + N F W Sph model (rows 2, 5 and 8) with shared mass-to-light ratio and independent mass-to-light ratios (rows 3, 6, and 9) are given. Table B4 . The inferred most probable (with 3σ errors) inferred mass-to-light ratios Ψ and radial gradient Γ the Sersic + Exp profiles with the alignment of geometric parameters corresponding to the highest evidence model chosen in the light profile geometry phase (table  6) . The results are for decomposed Sersic + Exp + N F W Sph model.
